Liposome-mediated Infection of Turnip Protoplasts with Turnip Rosette
Virus and RNA (Accepted 5 February 1982) SUMMARY Turnip rosette virus (TRosV) and its RNA have been entrapped in multilamellar vesicles (MLVs) composed of phosphatidylcholine and fl-sitosterol (neutral MLVs) or of phosphatidylcholine and sterylamine (positively charged MLVs). TRosV RNA was also entrapped in vesicles of phosphatidylcholine, fl-sitosterol and dicetylphosphate prepared by the reverse phase evaporation method (REVs). TRosV in positively charged or neutral MLVs will infect turnip protoplasts in the presence of fusogenic agents (polyethylene glycol and/or CaCl2); TRosV RNA in such MLVs did not infect protoplasts. TRosV RNA in REVs infected protoplasts whereas the unentrapped RNA did not.
In common with many other plant virus-protoplast systems, the specific efficiency of infection of turnip protoplasts with turnip rosette virus (TRosV) RNA is markedly lower than that with TRosV virions (Morris-Krsinich, 1980) . In recent years, liposomes have been used to introduce animal viruses and virus nucleic acids into animal cells (Wilson et al., 1977 (Wilson et al., , 1979 Taber et aL, 1978; Fraley et al., 1980) . Much less is known about the introduction of nucleic acids by liposomes into plant cells (protoplasts). Cassells (1978) showed that liposomes are taken up by tomato protoplasts; plasmid and bacterial DNAs entrapped in liposomes bind to carrot, cowpea and tobacco protoplasts (Lurquin, 1979 (Lurquin, , 1981 Lurquin et al., 1981; Rollo et al., 1980) . However, these studies do not show if the entrapped molecules maintain their biological integrity or if they are delivered into the cell in a manner in which they can function biologically. The use of plant viruses and their nucleic acids can help in answering these points. We report here on the infection of turnip protoplasts with TRosV and its RNA entrapped in liposomes. While this work was in progress studies of the infection of protoplasts with tobacco mosaic virus (TMV) RNA in liposomes were published (Fukunaga et al., 1981; Nagata et al., 1981) .
TRosV was purified from infected turnip (Brassica rapa) cv. Snowball plants as described by Hull (1977) ; its RNA was extracted using the method of Denloye et aL (1978) . The RNA was labelled in vivo in young leaves from turnip plants 8 days after infection as described for cauliflower mosaic virus (CaMV) RNA transcripts by Hull et al. (1979) ; ~2p-labelled virus and RNA were extracted as above.
MultilameUar vesicles (MLVs) were prepared by a modification of the method of Bangham et al. (1965) ; L-a-phosphatidylcholine (PC; Sigma, type V-E), fl-sitosterol (SS) (Sigma) and sterylamine (SA) (Sigma) were each dissolved in chloroform-methanol (9:1, v/v). For the preparation of neutral liposomes 3.8 #mol PC and 0.4 #mol SS were placed in a round-bottom test tube; for positively charged liposomes 4.2 gmol PC and 0.6 amol SA were used. After removing the solvent the dry lipid films were resuspended in 0.2 ml 10 mM-tris-HC1 pH 7.2, 0-1 M-NaC1 containing the appropriate amount of TRosV or in 0.2 ml 10 mu-tris-HC1, 0.1 M-NaC1, 0.1 mM-EDTA pH 7.2 containing TRosV RNA. The lipids were resuspended by vortexing for 5 rain, and (he MLVs so produced were left to equilibrate for 1 to 2 h. Following the addition of 10 ml 10 mM-tris-HC1 pH 7.2, 0.1 M-NaC1 with or 0022-1317/82/0000-4979 $02.00 © 1982 SGM without 0.1 mM-EDTA as appropriate the MLVs were sedimented by centrifugation in a Sorval SS34 rotor at 15000 rev/min for 30 min. The washing procedure was repeated twice more. Eventually, the MLVs were resuspended in 0-5 to 1.0 ml 0.6 M-mannitol.
To assess the proportion of virus or RNA encapsulated by the MLVs, 32p-labelled TRosV or 32P-labelled TRosV RNA was used during the preparation of MLVs. MLVs containing 32p-labelled TRosV were washed as described above; those containing 32p-labelled TRosV RNA were treated with RNase (0.5 #g pancreatic RNase/ml at 37 °C for 45 min) and were then washed as above. To estimate the amount of virus or RNA adhering to the outside of the MLVs 32p-labelled TRosV or TRosV RNA was added to preformed MLVs which were then washed. The amount of label adhering to preformed MLVs was subtracted from the amount entrapped in MLVs to give the amount encapsulated. Neutral MLVs encapsulated 0.7 % of the input TRosV and 2.2% TRosV RNA; positively charged MLVs encapsulated 8.3 % TRosV.
Protoplasts were isolated from B. rapa cv. Just Right as described by Morris-Krsinich et al. (1979) . For infection the appropriate amount of TRosV, TRosV RNA or of liposome-entrapped TRosV or TRosV RNA in 1 ml 0.6 M-mannitol were used to resuspend freshly pelleted protoplasts (usually about 1.5 × 106 cells). In some experiments 2 ml polyethylene glycol (PEG) 1550 or 2 ml PEG + CaC12 solutions at the final concentrations shown in Tables 1 and 2 were added to the virus-protoplast or to the liposome-protoplast suspension. After 5 min at room temperature the protoplasts were washed twice in 0.6 M-mannitol, 1 mm-CaCl 2 and were finally resuspended in the culture medium described by Morris-Krsinich et al. (1979) . They were incubated at 22 °C under continuous illumination (1000 lux) and infection was assessed by staining with fluorescent antibodies to TRosV (Morris-Krsinich et al., 1979) . Table 1 shows the results of inoculating protoplasts with TRosV and TRosV RNA either free or entrapped in MLVs. The observation by Morris-Krsinich et al. (1979) that in the absence of PEG TRosV would not infect protoplasts was confirmed. There was no infection of protoplasts with neutral MLVs containing TRosV but there was a very low percentage infection with the virus in positively charged MLVs.
Several reports (Lurquin, 1979; Rollo et al., 1981) indicate that treatments with PEG and calcium promote liposome-protoplast fusion. Since these substances have also been shown to mediate infection of protoplasts by virus and virus nucleic acids (Dawson et al., 1978; Maule et al., 1980 ) the effects of PEG with or without CaC12 in the TRosV-turnip protoplast system were examined. The addition of 20% PEG + 60 mM-CaC12 to TRosV gave infections (Table 1) at about the same level as that for poly-L-ornithine addition (Morris- Krsinich et al., 1979) . PEG + CaC12 also mediated the infection of protoplasts with TRosV entrapped in neutral MLVs. To show that this was not due to virus particles adsorbed on the outside of the membranes, TRosV was added to empty preformed neutral MLVs which were then washed as described above and inoculated to protoplasts in the presence of PEG + CaC12. Much less than 1% of the protoplasts (1 in 103) so inoculated was infected compared with the 30% infected using TRosV entrapped in neutral MLVs. No infection was detected in protoplasts inoculated with TRosV RNA either free or encapsulated in neutral MLVs (Table 1) .
The above results provide evidence that TRosV virions can be encapsulated into MLVs without apparent loss of infectivity. The results also show that, while spontaneous fusions between liposomes and protoplasts do not occur at an appreciable level, PEG and CaC12 can indeed promote such fusions. However, it appears that the encapsulation of the virions into neutral MLVs does not substantially improve the efficiency of the PEG/CaCI 2 system. This is likely to be because the capsid protects the virus RNA in the protoplast preparation and thus the extra protection offered by the lipid coat is unnecessary.
The infectivity of TRosV encapsulated in positively charged MLVs did not appear to increase with dose (from 1 to 5 /~g virus) ( Table 1 ). It is possible that positively charged MLVs might have some effect on the metabolism of protoplasts thus inhibiting virus multiplication to a certain extent; higher concentrations of such MLVs caused the protoplasts to disrupt completely.
MLVs have the advantage of being extremely rapid and easy to prepare; however, they have a disadvantage in their very small capture. Positively charged MLVs can associate with larger amounts of virus particles, but they have shown marked toxicity to turnip protoplasts as well as to tobacco and carrot protoplasts (Rollo et al., 1980; Lurquin et al., 1981) . As it is difficult to obtain large amounts of infective TRosV RNA and as no infection was detected in protoplasts inoculated with TRosV RNA encapsulated in neutral MLVs (Table 1) , we have been investigating the use of unilamellar liposomes prepared with the reverse-phase evaporation method (REVs) (Szoka et al., 1978) . These vesicles have been shown to encapsulate a large proportion of the input nucleic acid; they have been successfully used for infecting animal cells in culture with SV40 DNA (Fraley et al., 1980) and in a very recent report have been used for introducing TMV RNA into protoplasts (Nagata et al., 1981) .
REVs were prepared by the method of Szoka et al. (1978) with the following modifications: PC (10/~mol), SS (10 pmol) and dicetylphosphate (DCP; 0.2/~mol) dissolved in 3 ml 1 : 1 : 1 chloroform/diethyl ether/methanol and 0.15 ml of sterile aqueous buffer (2 mM-tris-HC1, 50 raM-glucose, 25 mM-KCI, 0.1 mM-EDTA, pH 7.4) containing 5 to 20/~g purified TRosV RNA were mixed in a 25 ml round-bottom flask. The resulting one-phase dispersion was placed on a rotary evaporator and the solvents were removed under reduced pressure. The liposome-encapsulated RNA was separated from unencapsulated material by flotation on FicoU gradients as described by Fraley et al. (1980) . Experiments performed with radioactive TRosV RNA showed that the encapsulation does not exceed 12%, a value considerably less than those reported by Szoka et al. (1978) and by Fraley et al. (1980) ; this is possibly attributable to the different solvents and to the different solvent/buffer ratio used in our experiments. However, the procedure allowed us to avoid the sonication step which could result in loss of activity of the RNA preparation. Table 2 shows the results of inoculating turnip protoplasts with TRosV RNA either free or encapsulated in REVs. The liposome-encapsulated RNA has an infectivity approaching that of the intact virion. On the other hand, free RNA was very slightly infectious either when alone or mixed with preformed vesicles. Table 2 also shows that a small but detectable infection could be observed when the inoculum contained 25 ng RNA in REVs which was 1.5 x 104 RNA molecules per protoplast.
In the recent report on the infection of Vinca rosea cell suspension protoplasts by TMV RNA in liposomes, Fukunaga et al. (1981) used relatively large quantities of RNA (2 x 106 molecules per protoplast) which were encapsulated in negatively charged large unilamellar vesicles. Thus, at least two liposome systems have been shown to be of use for infection of protoplasts with virus RNA.
Determining the conditions for the liposome-mediated infection of turnip protoplasts with TRosV RNA should be helpful in developing a system for introducing CaMV DNA into similar protoplasts. CaMV DNA is of especial interest because of its potential as a genetic engineering vehicle (Szeto et al., 1977; Hull, 1978) . Preliminary experiments have shown that CaMV DNA can be entrapped in either MLVs or REVs; in the latter case up to 40% of the input DNA was captured. Gel electrophoresis of CaMV DNA re-extracted from both sorts of liposomes has shown that the DNA was not damaged by the procedures of encapsulation and that itwas protected from DNase digestion. However, as we have experienced difficulty in reliably infecting turnip protoplasts even with CaMV virions, we have not been able to test the infectivity of entrapped DNA.
